This article presents an experimental demonstration of a high-pressure unconditionally stable nonequilibrium molecular plasma sustained by a combination of a continuous wave CO laser and a sub-breakdown radio frequency ͑rf͒ electric field. The plasma is sustained in a CO/N 2 mixture containing trace amounts of NO or O 2 at pressures of Pϭ0.4-1.2 atm. The initial ionization of the gases is produced by an associative ionization mechanism in collisions of two CO molecules excited to high vibrational levels by resonance absorption of the CO laser radiation with subsequent vibration-vibration (V-V) pumping. Further vibrational excitation of both CO and N 2 is produced by free electrons heated by the applied rf field, which in turn produces additional ionization of these species by the associative ionization mechanism. In the present experiments, the reduced electric field, E/N, is sufficiently low to preclude field-induced electron impact ionization. Unconditional stability of the resultant cold molecular plasma is enabled by the negative feedback between gas heating and the associative ionization rate. Trace amounts of nitric oxide or oxygen added to the baseline CO/N 2 gas mixture considerably reduce the electron-ion dissociative recombination rate and thereby significantly increase the initial electron density. This allows triggering of the rf power coupling to the vibrational energy modes of the gas mixture. Vibrational level populations of CO and N 2 are monitored by infrared emission spectroscopy and spontaneous Raman spectroscopy. The experiments demonstrate that the use of a sub-breakdown rf field in addition to the CO laser allows an increase of the plasma volume by about an order of magnitude. Also, CO infrared emission spectra show that with the rf voltage turned on the number of vibrationally excited CO molecules along the line of sight increase by a factor of 3-7. Finally, spontaneous Raman spectra of N 2 show that with the rf voltage the vibrational temperature of nitrogen increases by up to 30%. This novel energy efficient approach allows sustaining large-volume high-pressure molecular plasmas without the use of a high-power CO laser. This opens a possibility of using the present technique for high-yield plasma chemical synthesis and plasma material processing.
I. INTRODUCTION
Stability control of large-volume high-pressure nonequilibrium molecular plasmas has always been one of the most challenging problems of gas discharge physics and engineering. At high pressures, the most critical instability, which produces the collapse of a diffuse nonequilibrium selfsustained discharge into a constricted hot arc, is the ionization heating instability. Basically, it develops due to a positive feedback between gas heating and electron impact ionization rate.
1,2 Therefore small electron density perturbations, producing excess Joule heat, result in a more rapid electron generation and eventually lead to runaway ionization. Among a few well-known high-pressure plasma stabilization methods one can mention the use of separately ballasted multiple cathodes, 1 aerodynamic stabilization, 3 rf frequency high-voltage pulse stabilization, 4 and external ionization by a high-energy electron beam. 5 The use of these techniques is tantamount to the introduction of an additional damping factor into a conditionally stable system, which raises the instability growth threshold and allows sustaining of a diffuse discharge at higher pressures and/or electron densities. However, they do not affect the original source of the ionization heating instability. For this reason, raising the gas pressure or discharge current eventually results in a glow-to-arc collapse. Even the nonself-sustained dc discharge with external ionization produced by an electron-beam is in fact self-sustained in the unstable cathode layer, where ionization is primarily produced by secondary electron emission from the cathode.
2 Therefore instability growth in the cathode layer of high power discharges sustained by an electron-beam results in the development of high current density cathode spots extending into the positive column and eventually causing its breakdown.
The cathode layer instability of the electron-beam sustained discharge can be avoided by using an rf instead of a dc electric field to draw the discharge current between dielectric-covered electrodes. In this case, the secondary emission from the electrodes is precluded, the cathode regions do not form, and the current loop is closed by the displacement current in the near-electrode sheaths. This type of discharge remains non-self-sustained in the entire region a͒ Electronic mail: adamovich.1@osu.edu between the electrodes and is therefore not susceptible to the cathode layer instability.
2 Indeed, experiments show that an rf beam-driven discharge remains stable at higher E/N and current densities than a dc discharge 6 However, at high electron-beam currents this type of discharge also becomes unstable since the rate of ionization by the beam is inversely proportional to the gas density, so that gas heating by the beam would eventually produce an ionization instability.
The above discussion shows that even the use of external ionization does not always allow unconditionally stable discharge operation at high currents and pressures. On the other hand, it suggests that a discharge system sustained by an external source with a negative feedback between gas heating and ionization rate, and using a sub-breakdown rf field to draw the discharge current, might be unconditionally stable. 7 An ionization process that satisfies this condition is the associative ionization in collisions of two highly vibrationally excited molecules, [7] [8] [9] [10] [11] [12] AB͑v ͒ϩAB͑ w ͒→͑ AB͒ 2 ϩ ϩe Ϫ , E v ϩE w ϾE ion . ͑1͒
In Eq. ͑1͒, AB represents a diatomic molecule, and v and w are vibrational quantum numbers. Basically, ionization is produced in collisions of two highly vibrationally excited molecules when the sum of their vibrational energies exceeds the ionization energy. Ionization by this mechanism has been previously observed in CO-Ar and CO-N 2 gas mixtures optically pumped by resonance absorption of CO laser radiation at pressures of Pϭ0.1-1.0 atm and temperatures of Tϭ300-700 K. 7, [9] [10] [11] [12] In these optically pumped nonequilibrium plasmas, where high vibrational levels of CO are populated by near-resonance V-V exchange, a gas temperature rise results in rapid relaxation of the upper vibrational level populations because of the exponential rise of the vibration-translation (V-T) relaxation rates with temperature. 13 In other words, ionization by mechanism ͑1͒ can be limited and even terminated by the gas heating.
The main objective of the present article is to experimentally demonstrate the feasibility of the unconditionally stable high-pressure molecular plasma concept. To accomplish this, carbon monoxide containing gas mixtures are vibrationally excited at high pressures using a combination of a CO laser and a sub-breakdown rf field.
II. EXPERIMENT
A schematic of the experimental setup is shown in Fig.  1 . A continuous wave ͑cw͒ carbon monoxide laser is used to irradiate a high-pressure gas mixture, which is slowly flowing through a six-arm cross Pyrex glass optical absorption cell. The gas mixture used in the present experiments is nitrogen containing 1% of carbon monoxide and trace amounts (ϳ10-100 ppm) of nitric oxide or oxygen, at pressures of Pϭ0.4-1.2 atm. The residence time of the gases in the cell is about 1 s. The liquid nitrogen cooled CO laser was designed in collaboration with the University of Bonn and fabricated at Ohio State. It produces a substantial fraction of its power output on the vϭ1→0 fundamental band component in the infrared. The laser can operate at more than 100 W cw power. However, in the present experiments, the laser is operated at 10-15 W cw broadband power on the lowest ten fundamental bands, with up to ϳ0.3 W on the vϭ1→0 component. The output on the lowest bands ͑1→0 and 2 →1͒ is necessary to start the absorption process in cold CO ͑initially at 300 K͒ in the cell. The quantum efficiency of the CO laser approaches 90%, with an overall efficiency of up to 40%, which makes it the most efficient gas laser available. The Gaussian laser beam of ϳ6 mm diameter is focused to increase the power loading per CO molecule, providing an excitation region of ϳ1 to 2 mm diameter and up to 10 cm long. The absorbed laser power is of the order of 1 W/cm over the absorption length of about 10 cm, which gives an absorbed power density of ϳ100 W/cm 3 . The present use of the CO laser to excite high-pressure gas mixtures is a further development of a technique with a considerable literature. [14] [15] [16] [17] [18] [19] [20] [21] [22] The low vibrational states of CO, vр10, are populated by direct resonance absorption of CO pump laser radiation in combination with the rapid redistribution of population by vibration-vibration (V-V) exchange processes, 23 CO͑v ͒ϩCO͑ w ͒→CO͑ vϪ1 ͒ϩCO͑ wϩ1 ͒. ͑2͒
The V-V processes then continue to populate higher vibrational levels of CO as well as vibrational levels of N 2 , which are not coupled to the laser radiation, [20] [21] [22] CO͑v ͒ϩN 2 ͑ w ͒→CO͑ vϪ1 ͒ϩN 2 ͑ wϩ1 ͒. ͑3͒
The large heat capacity of the gases, as well as conductive and convective cooling of the gas flow, allow control of the translational/rotational mode temperature in the cell. In steady-state conditions, when the average vibrational mode energy of the CO would correspond to several thousand degrees Kelvin, the temperature never rises above a few hundred degrees. [20] [21] [22] Thus a strong disequipartition of energy can be maintained in the cell, characterized by very high energy of the vibrational modes and a low translational/ rotational mode temperature. The population of vibrational states of CO in the cell is monitored by infrared emission spectroscopy. For this purpose, a Bruker IFS 66 Fourier transform infrared ͑FTIR͒ spectrometer is used to record the line-of-sight integrated spontaneous emission from the CO fundamental, first and second overtone bands through a CaF 2 window in the side of the cell. Vibrational populations of N 2 molecules are measured by spontaneous Raman spectroscopy. For this, a pulsed Nd:YAG Raman probe laser beam is directed into the cell ͑see Fig. 1͒ . In the present experiments, the Nd:YAG laser is focused coaxial to the CO pump laser, and a Raman scattering signal from a volume element approximately 0.100 mm in diameter ϫ2 mm long is captured at 90°. Raman spectra are obtained using the second harmonic output of the Nd:YAG laser in combination with an optical multichannel analyzer ͑OMA͒ detector. A detailed description of the emission spectroscopy and Raman spectroscopy diagnostics used in the present experiments can be found in Refs. 20-22. At these highly nonequilibrium conditions, the optically pumped gas mixture becomes ionized by the associative ionization mechanism of Eq. ͑1͒. Ionization of carbon monoxide by this mechanism has been previously observed in CO-Ar and CO-N 2 gas mixtures optically pumped by resonance absorption of CO laser radiation. 7, [9] [10] [11] [12] The calculated 9-11 and measured 7, 12 steady-state electron density sustained by a 10 W CO laser in these optically pumped plasmas is in the range of n e ϳ10 10 -10 11 cm Ϫ3 . Two 3 cm diameter brass plate electrodes are placed in the cell as shown in Fig. 1 so that the laser beam creates a roughly cylindrical excited region between the electrodes, 1 to 2 mm in diameter. The probe electrodes, 13.5 mm apart, are connected to a 13.56 MHz, 600 W ENI ACG-6B rf power supply via a modified MFJ-949E tuner used for plasma impedance matching. Typically, the reflected rf power does not exceed 5%-10% of the forward power. The applied rf voltage amplitude, measured by a high voltage probe, is varied in the range of 2 to 3 kV at P ϭ0.8-1.2 atm, so that the peak reduced electric field did not exceed E/NХ1ϫ10 Ϫ16 V cm 2 . We emphasize that this low value of E/N precludes electron impact ionization produced by the applied field, so that the associative ionization of Eq. ͑3͒ remains the only mechanism of electron production in the plasma. The applied rf field is primarily used to heat free electrons created by the associative ionization mechanism and to couple additional power to the vibrational modes of the gas mixture molecules by electron impact processes,
It is well-known that in a wide range of the reduced electric field values, E/Nϭ(0.5-5.0)ϫ10 Ϫ16 V cm 2 , more than 90% of the input electrical power in nitrogen plasmas goes to vibrational excitation of N 2 by electron impact 1 ͑see Fig. 2͒ . Combined with the high efficiency of the CO laser, this provides a very efficient method of sustaining extreme vibrational disequilibrium in high-pressure molecular gases without the use of a high-power pump laser.
Strong vibrational disequilibrium enhanced by the electron impact processes of Eqs. ͑4͒ and ͑5͒ results in a faster electron production by the associative ionization mechanism of Eq. ͑3͒. The resultant electron density increase in turn further accelerates the rate of energy addition to the vibrational modes of the molecules. However, this selfaccelerating process does not produce an ionization instability such as occurs in other types of high-pressure nonequilibrium plasmas. The reason for this is a built-in selfstabilization mechanism existing in plasmas sustained by associative ionization. In high-pressure self-sustained discharge plasmas, excess Joule heating produced by a local electron density rise accelerates the rate of impact ionization and therefore results in a further increase of electron density ͑see Fig. 3͒ , This is the well-known mechanism of ionization-heating instability development.
1,2 In a plasma sustained by associative ionization, excess Joule heating due to a local electron density rise sharply increases the vibration-translation (V-T) relaxation rates, which results in a rapid depopulation of high vibrational energy levels, slows down the ionization rate, and reduces the electron density ͑see Fig. 3͒ . This provides negative feedback between gas heating and the ionization rate and enables unconditional stability of the plasma at arbitrarily high pressures, for as long as the applied rf field does not produce any impact ionization. Obviously, optically pumped plasmas sustained by the CO laser alone ͑without the externally applied field͒ are always unconditionally stable. Indeed, stable and diffuse plasmas of this type have been sustained in CO-Ar mixtures at pressures up to 10 atm.
14 Figure 4 shows a schematic of the dominant kinetic processes in the CO laser/rf field sustained CO-N 2 plasma.
Triggering the rf power coupling to the vibrational modes of the cell gases requires the initial electron density, n e , to exceed a certain threshold value. Our recent studies of associative ionization in CO laser pumped plasmas 7, 11, 12 showed that the electron density in these plasmas,
can be significantly increased ͑from n e Ͻ10 10 to n e ϭ(1.5-3.0)ϫ10 11 cm
Ϫ3
͒ by adding trace amounts of species such as O 2 and NO to the baseline CO/Ar or CO/N 2 gas mixtures. In Eq. ͑6͒, S is the electron production rate by the mechanism of Eq. ͑3͒, k ion ϭ(1.1-1.8)ϫ10
Ϫ13 cm 3 /s is the associative ionization rate coefficient, 7 ␤ is the electron-ion dissociative recombination rate coefficient, and n CO (v) is the population of the vibrational level v of CO. Note that the observed electron density increase occurs at a nearly constant electron production rate S, which was measured independently. 7, 12 In other words, adding small amounts of O 2 or NO to the gas mixture considerably reduces the dissociative recombination rate ␤. This result is consistent with previous measurements of the ion composition in glow discharges in CO-Ar-O 2 and CO-He-O 2 mixtures. 24, 25 These previous studies showed that in a discharge in CO-Ar and CO-He mixtures without oxygen the dominant ions are rapidly recombining cluster ions such as C n (CO) 2 ϩ , n ϭ1 -12. However, adding a few tens of mTorr of O 2 resulted in a nearly complete destruction of the cluster ions and their replacement by the slowly recombining monomer O 2 ϩ ions. The recombination rate coefficients of ͑CO͒ 2 ϩ and O 2 ϩ ions in the presence of 1 eV electrons are ␤ϭ2ϫ10 Ϫ6 and 3 ϫ10 Ϫ8 cm 3 /s, respectively. 1, 26 Therefore replacing the cluster ions with the monomer ions would increase the electron density at a constant electron production rate S by about an order of magnitude. For this reason, in the present experiments trace amounts of oxygen or nitric oxide have been added to the baseline CO/N 2 gas mixture.
III. RESULTS AND DISCUSSION
In a first series of experiments, the baseline 1% CO-99% N 2 mixture was optically pumped by a CO laser at P ϭ600 torr. The pump laser power was 10 W. Figures 5 and  6 show the CO first overtone emission spectrum and the N 2 spontaneous Raman spectrum at these conditions, respectively. One can see that about 35 vibrational levels of CO and four vibrational levels of N 2 are populated. The first level vibrational temperature of N 2 at the CO laser centerline was determined from the ratio of the vϭ0 and vϭ1 N 2 vibrational level relative populations, f 0 and f 1 , 5 . CO first overtone infrared emission spectrum in the CO laser pumped baseline 1% CO-99% N 2 gas mixture at Pϭ600 torr.
T v (N 2 )ϭ1900 K. In Eq. ͑7͒, 1 ϭ3353 K is the energy of the first vibrational level of N 2 . The translational temperature at the centerline was evaluated from comparison of two Raman spectra of nitrogen, shown in Fig. 6 , one with the CO laser on, and the other with the laser turned off, i.e., in an equilibrium gas mixture at T 0 ϭ300 K. In the latter case, as expected, only the signal from vϭ0 is measured. Since the Raman signal intensity I v is proportional to the product of the absolute population of a vibrational level, n v and the Raman cross section v ϳ(vϩ1), this allowed straightforward inference of the number density of N 2 molecules, n N 2 (T), as well as the translational temperature,
For the conditions of Figs. 5 and 6, the translational temperature of the optically pumped plasma is Tϭ380 K. Applying 2500 V peak rf voltage to the cell electrodes did not result in any detectable change in the plasma appearance or in the infrared and Raman spectra. We believe this to be due to the low electron density in the optically pumped CO/N 2 plasma without additives, because of the rapid recombination of electrons with the cluster ions 7, 11, 12 ͑see the discussion in Sec. II͒. Measurements in the same mixture at the lower cell pressure of Pϭ300 and 100 torr also did not show any effect. In these low-pressure runs, the applied rf voltage was also lowered to keep the peak reduced electric field E/NХ1ϫ10 Ϫ16 V cm 2 well below the electron impact ionization threshold.
In the second series of measurements, 20 torr of NO/N 2 mixture containing 5000 ppm of NO was added to the cell gases at a total pressure of Pϭ600 torr so that the NO partial pressure in the cell was 100 mTorr. In this case, applying the same 2500 V peak rf voltage to the electrodes produced a dramatic change of the plasma ͑see Fig. 7͒ . In the absence of the rf field, the cylindrical region excited by a focused CO laser can be easily seen due to a few cm long, 1 mm diameter violet-blue glow produced by radiation of electronically excited molecules ͑C 2 Swan and CN bands, see Fig. 7͒ . Turning the rf field on produced a curtain-like glow about 1 to 2 mm thick, centered at the laser beam and filling nearly the entire distance between the electrodes ͑approximately 1 ϫ3 cm͒. In other words, the apparent plasma volume increased by about an order of magnitude. This curtain-like plasma looked diffuse and stable, with no hint of arc filaments.
The significance of this result is that the applied weak electric field, not capable of initiating electron impact ionization, nevertheless results in producing ionization up to 6 to 7 millimeters away from the CO laser beam which initiates the plasma. Note that at these conditions, the amplitude of the drift oscillations of the plasma electrons, induced by the rf field, is only about ␦ϳw dr /2ϳ1 mm. Here w dr ϳ2 ϫ10 6 cm/s is the electron drift velocity at E/NХ1 ϫ10 Ϫ16 V cm 2 ͑Ref. 1͒ and ϭ13.56 MHz is the rf field frequency. Therefore the present technique allows ''propagation'' of the coupled vibrational excitation and associative ionization over distances considerably exceeding the electron oscillation amplitude, thereby significantly increasing the volume occupied by the plasma. Turning the CO laser off with the rf field on resulted in a slow decay and eventual extinguishing of the plasma curtain ͑within a few seconds͒. Covering the rf electrodes with Teflon layers did not change the appearance of the plasma curtain, which shows the effect of the secondary electron emission from the electrodes to be insignificant.
CO first overtone infrared emission spectra taken at these conditions with the rf voltage off and on show that the infrared signal intensity, integrated along the line of sight, increases by about a factor of 7 ͑see Fig. 8͒ . Figure 8 also shows CO spectra obtained in the same gas mixture at a higher pressure of Pϭ720 torr, a higher laser power of 15 FIG. 6 . Raman spectra of nitrogen in a cold ͓TϭT v (N 2 )ϭ300 K͔ and the CO laser pumped ͓Tϭ380 K, T v (N 2 )ϭ1900 K͔ baseline 1% CO-99% N 2 gas mixture at Pϭ600 torr.
FIG. 7.
Photographs of the CO laser/rf field pumped 1% CO-99% N 2 -10 ppm NO gas mixture at Pϭ1 atm. Top, rf field turned off; bottom, rf field turned on.
W, and a somewhat lower rf voltage of 2200 V, which look similar to the 600 torr data. We believe that the signal intensity rise is primarily due to the plasma volume increase, although the FTIR line of sight is perpendicular to the plasma curtain. However, Raman spectra of nitrogen taken at the centerline of the CO laser beam with rf voltage off and on ͑see Fig. 9͒ show that the vibrational temperature of N 2 at Pϭ600 torr increases from T v (N 2 )ϭ1900-2500 K. This demonstrates that the rf field makes the vibrational disequilibrium at the CO laser beam axis considerably stronger. Comparison of these Raman spectra with the cold N 2 spectrum show that at Pϭ600 torr the centerline translational temperature increases from Tϭ380 K with the rf field off to Tϭ530 K with the rf on, which apparently self-limits further ionization by the associative ionization mechanism ͑see Sec. II͒. Note that even at this somewhat higher gas temperature the peak reduced electric field does not exceed E/NХ1.3 ϫ10 Ϫ16 V cm 2 .
We believe that the amount of rf power coupled to the vibrational modes of the cell gases can be considerably increased by increasing the mass flow rate through the cell. In this case, more efficient convective cooling of the flow would reduce the steady-state gas temperature so that the associative ionization process would terminate at a higher electron density.
Adding a small amount of oxygen to the baseline CO/N 2 mixture at the same pressure of Pϭ600 torr produced similar results. Oxygen was added to the cell directly from a gas cylinder, and therefore its partial pressure could not be precisely controlled. We estimate the upper limit of the O 2 partial pressure in the cell at approximately 0.1 torr. Turning the rf field on ͑peak voltage 2750 V͒ with oxygen in the cell considerably increased the visible glow intensity and nearly doubled the glow diameter, although in this case the plasma curtain did not form. Figures 10 and 11 show CO infrared spectra and N 2 Raman spectra at these conditions, taken with the rf voltage on and off. Figure 10 also shows CO spectra obtained in the same gas mixture at a high pressure of P ϭ720 torr, a higher laser power of 15 W, and a higher rf voltage of 3150 V, which look similar to the 600 torr data. In this case, the infrared signal intensity increased by approximately a factor of 3, while the N 2 vibrational temperature at Pϭ600 torr increased from T v (N 2 )ϭ1850-2460 K. The translational temperature of the gas mixture at Pϭ600 torr, inferred from the Raman spectra, increased from Tϭ360 to 540 K.
Similar results have been obtained at several different cell pressures in the range Pϭ0.4-1.2 atm. In this entire pressure range, the CO laser/rf field pumped plasma always looks stable and diffuse. At the highest pressures P Ͼ1 atm, the effect of the rf field on the vibrational populations of CO and N 2 becomes somewhat lower, since the pumping processes are limited by the rf voltage available. For the rf field pumping process to be efficient, the applied reduced electric field has to be in the range E/NХ(1 -5) ϫ10 Ϫ16 V cm 2 ͑see Fig. 2͒ . In this range, only a small frac- FIG. 8 . CO first overtone infrared emission spectra in the CO laser/rf field pumped 1% CO-99% N 2 -150 ppm NO gas mixture at ͑a͒ Pϭ600 torr, laser power 10 W, and ͑b͒ Pϭ720 torr, laser power 15 W.
FIG. 9. Raman spectra of nitrogen in the CO laser/rf field pumped 1% CO-99% N 2 -150 ppm NO gas mixture at Pϭ600 torr. The spectra are normalized on the vϭ0 peak intensity.
tion of the input electrical power goes into direct gas heating and electronic excitation. At Pϭ1.2 atm, this condition requires the peak rf voltage to exceed 3000 V. Unfortunately, at these high voltages the tuner sometimes started arcing internally, which limited our ability to run at optimum conditions. Also, the design of the absorption cell available for these experiments did not allow measurements at higher pressures or higher flow rate. However, we expect the CO laser/rf field pumped plasmas to be unconditionally stable also at higher pressures, given enough laser and rf power to trigger the pumping. In the present work the electron density with the rf field turned off and on has not been measured. Electron density measurements using both microwave attenuation 12 and filtered Thomson scattering, as well as ion composition measurements using in situ ion mass spectrometry, 24, 25 would provide additional insight into the kinetics of these unique high-pressure nonequilibrium plasmas.
The high-pressure unconditionally stable CO-containing plasmas studied in the present article may be used for highyield single-wall carbon nanotube ͑SWNT͒ production. In particular, 60%-70% pure SWNT material has been recently produced in optically pumped, chemically reacting, nonequilibrium CO/Ar/Fe͑CO͒ 5 plasmas sustained by a 20 W CO laser. 27 In this process, strong vibrational excitation of CO molecules by V-V pumping drives the gas-phase CO disproportionation reaction, CO͑v ͒ϩCO͑ w ͒→CO 2 ϩC, ͑9͒
producing free carbon atoms at low gas temperatures, with subsequent SWNT formation on catalytic iron cluster surfaces. The yield of this process at a relatively low CO partial pressure of P CO ϭ50 torr ͑tens of milligrams per hour͒ is comparable with the yield of the high-pressure CO ͑HiPCO͒ SWNT synthesis process developed at Rice University. 28 Note that the CO reactant pressure in the HiPCO process is much higher ( P CO ϭ1 -10 atm). The rf energy coupling effect reported here is expected to be used to scale up the plasma volume and the SWNT yield at high CO pressures ( P CO у1 atm), without producing ionization instabilities or the use of a high-power pump laser.
IV. SUMMARY
The results of the experiments demonstrate the feasibility of unconditionally stable high-pressure plasmas sustained by a combination of a continuous wave CO laser and a subbreakdown rf field. The plasma is sustained in a CO/N 2 mixture containing trace amounts of NO or O 2 at pressures of Pϭ0.4-1.2 atm. The initial ionization of the gases is produced by associative ionization in collisions of two CO molecules excited to high vibrational levels by resonance absorption of CO laser radiation with subsequent vibrationvibration (V-V) pumping. Further vibrational excitation of both CO and N 2 is produced by free electrons heated by the applied rf field, which in turn produces additional ionization FIG. 10 . CO first overtone infrared emission spectra in the CO laser/rf field pumped 1% CO-99% N 2 gas mixture with about 0.01% O 2 at ͑a͒ P ϭ600 torr, laser power 10 W, and ͑b͒ 720 torr, laser power 15 W .   FIG. 11 . Raman spectra of nitrogen in the CO laser/rf field pumped 1% CO-99% N 2 gas mixture about 0.01% O 2 added at Pϭ600 torr. The spectra are normalized on the vϭ0 peak intensity. of these species by the associative ionization mechanism. Vibrational level populations of CO and N 2 are monitored by infrared emission spectroscopy and spontaneous Raman spectroscopy. In the present experiments, the reduced electric field E/N is sufficiently low to preclude field-induced electron impact ionization. The unconditional stability of the resultant cold molecular plasma is enabled by the negative feedback between gas heating and the associative ionization rate. Trace amounts of nitric oxide or oxygen added to the baseline CO/N 2 gas mixture considerably reduce the electron-ion dissociative recombination rate and thereby significantly increase the initial electron density. This allows triggering the rf power coupling to the vibrational energy modes of the gas mixture.
The experiments demonstrate that the use of a subbreakdown rf field in addition to the CO laser allows the increase of the plasma volume by about an order of magnitude. Also, CO infrared emission spectra show that with the rf voltage turned on the number of vibrationally excited CO molecules along the line of sight increase by a factor of 3-7. Finally, spontaneous Raman spectra of N 2 showed that with the rf voltage on the vibrational temperature of nitrogen increases by about 30%. This novel energy efficient approach allows sustaining large-volume high-pressure molecular plasmas without the use of a high-power CO laser.
